Retrogradation is a common occurrence of starchy food and many methods have been tried to retard it. Uncovering the crystalline structure of retrograded starch provides us the necessary information to get an effective method. In this paper, the crystals of retrograded sweet potato starch with sharp X-ray diffraction peaks were obtained by blending sweet potato amylose and amylopectin with narrow distribution of molecular weight. The 2θ angles of those crystals were at 14.7°, 20.7°, 24.3°, 26.5°, and 29.9°. Intervals between two branched chains in retrograded amylose were 0.606, 0.348 nm, and in retrograded amylopectin 0.336 nm. A possible mechanism for the formation of those crystals was proposed based on analyzing 1 H NMR, 13 C NMR, X-ray diffraction, and differential scanning calorimeter of those samples. Cocrystallized amylose and amylopectin was necessary to prepare crystals of retrograded starch. More ordered arrangements exist in retrograded starch of sweet potato amylose and amylopectin.
Introduction
Starchy foods are usually heated and cooled many times when they are not eaten up. Such temperature-cycled treatment increases the starch retrogradation rate and melting enthalpy, [1, 2] which causes the deterioration of food. The interaction of amylose and amylopectin during retrogradation might be one reason. Several authors have suggested that interactions between amylose and amylopectin happened during retrogradation. [3, 4] X-ray diffraction studies suggest that intermolecular association involves a recrystallization process, and the amylopectin in the amylose-amylopectin-water system can be considered as a precipitating agent facilitating the aggregation of amylose. [5] At low amylopectin content, the amylose component functions as nuclei and/or cocrystallizes with the amylopectin to some degree. [6] Such an amylose-amylopectin association has also been determined by differential scanning calorimeter (DSC). The amylose and amylopectin endotherms have peak temperature of ≈140 and <120°C, respectively, [7] whereas blending of them results in films with a second endotherm at 110-120°C. This endotherm results from the melting of cocrystallized amylose and amylopectin and of crystallized amylopectin. [8] Preparation of crystals of retrograded starch with sharp X-ray diffraction is a possible way to know such association well, but the wide molecular weight distribution of starch is a great hindrance. For synthetic amylose, an abrupt change from the B-to the A-pattern happens when its Degree of Polymerization (DP) reduces from 13 to 12. [9] The chain length of starch also has effects on the polymorphic forms of starch crystalline structures. [10, 11] Some authors report that the retrograded waxy wheat starch from dual-retrogradation treatment in single-, dual-, and triple-retrogradation groups is more resistant to amylase than other groups. [12] The cause of this phenomenon is still unknown. In this paper, the sweet potato amylose/amylopectin with narrower distribution of molecular weight was made by retrogradation-hydrolysis for 1-4 duplications, [13] and the interaction of those amylose and amylopectin during retrogradation is investigated by 1 H NMR, 13 C solidstate NMR, X-ray diffraction, and DSC. The properties of retrograded starch containing both amylose and amylopectin with narrow distribution of molecular weight in the paper might explain why the dual-retrogradation waxy wheat starch is more resistant to hydrolysis. Furthermore, a possible mechanism for formation of retrograded sweet potato starch is deduced and the results in the paper will bring a new insight on the role of amylose and amylopectin during retrogradation. The interplanar distance between two crystal planes corresponding to pronounced peak at 2θ = 26.0 is very close to that of graphite, [13] also indicating why retrograded starch could substitute for graphite in Li-ion battery in our experiments at present (Fig. 1) . Although the ion capacity and charge-discharge cycle are not very well, the Li-ion battery with retrograded potato amylopectin as cathodes surely has the charge and discharge capacity.
Materials and methods

Materials
Sweet potato starch (moisture content 19.3%, amylose content 23.6%) was offered by Shan Dong JinCheng Co., Ltd. Butanol and ethanol were purchased from Tianjin Fuyu Fine Chemical Co., Ltd. Thermostable α-amylase (12,000 U/mL) from Bacillus licheniformis was purchased from Tianjin Nuoao Technology Development Limited Company. Pullulanase microbial from Bacillus subtilis (Enzyme Commission Number 3.2.1.41; 5000 U/mL), maltose, maltotriose, maltotetrose, maltopentaose, maltohexaose, and maltoheptaose were purchased from Sigma-Aldrich Co. LLC.
Methods
Preparation of repeatedly retrograded sweet potato amylose and amylopectin: The repeatedly retrograded sweet potato amylose and amylopectin was prepared according to Ref. [13] [14] [15] [16] . An amount of 10 g sweet potato starch blended with 100 mL distilled water was gelatinized for 20 min at 95°C by continuous stirring. Gelatinized starches were autoclaved at 120°C for 30 min and retrograded at 4°C for 24 h. Then, 0.6 mL high-temperature α-amylase (12,000 U/ mL) was added to hydrolyze not retrograded starch into soluble carbohydrates for 6 h at 90°C. Crude retrograded sweet potato starch was precipitated by centrifuge (3040 × g for 5 min) and the supernatant fraction was discarded. The purified retrograded starches were dissolved in 4 M potassium hydroxide followed by neutralizing with 6 M hydrochloric acid. Then, the amylose in retrograded sweet potato starch was precipitated from the solution by adding three times the volume of 1-butanol, further isolation was done by centrifuge (3040 × g for 5 min). The supernatants, containing amylopectin, were collected, concentrated, and precipitated with excess ethanol. The amylopectin in supernatants was isolated by centrifuge (3040 × g for 5 min). The repeatedly retrograded samples (three times) derived from above sweet potato amylose and amylopectin were prepared under the same treatment of those retrograded sweet potato starches, the only difference was that middle-temperature α-amylase was used for purifying retrograded amylopectin. So, four kinds of sweet potato amylose and amylopectin were obtained corresponding to first-, duel-, tertiary-, and quaternary-retrograded samples. They were named amylose-1, amylose-2, amylose-3, amylose-4 and amylopectin-1, amylopectin-2, amylopectin-3, amylopectin-4, respectively.
Retrogradation of mixture of different sweet potato amylose and amylopectin: Mixture of above sweet potato amylose-4 and amylopectin-4 was blended at the ratio of 1:1 (w/w dry-starch basis) and retrograded at the same condition in Ref. [13] and the dry method was also the same as that of retrograded sweet potato starch.
NMR: The samples have been analyzed with 1 H NMR and 13 C solid-state NMR. A sample of dried starch is first resolved in small amount of 4 M KOH and put into deuterated water (D 2 O) at 1.5-5.0 w/w%. The mixture is heated in a water batch (60°C) and shaken till clear homogeneity.
1 H NMR spectra of these samples were recorded on a Mercury Vx-300 MHz machine (Varian, USA) operating at 300.07 MHz for the 1 H nucleus, 75.45 MHz for the 13 C nucleus, with a 45.0°pulse and a relaxation delay time of 1.0 s. 13 C solid-state NMR spectra were acquired on a Varian Unity 300 MHz spectrometer. The dried starches were packed into 5-mm rotors at room temperature, and the 13 C rf field strength was 75 kHz, which corresponded to a 90°pulse width of 3.4 μs whereas the spinning rate of MAS was set at a value in the range of 9-12 kHz.
X-ray diffraction: The X-ray patterns of the starches were obtained with copper, nickel foil filtered, and Ka radiation using a diffractometer (D-500 Siemens, Madison, WI, USA) following the method in Ref. [17] . The diffractometer was operated at 27 mA and 50 kV. The scanning region of the diffraction angle (2θ) was from 5 to 60 at 0.04 step size with a count time of 2 s. Retrograded potato starches treated by different methods were equilibrated at 100% relative humidity for 24 h at 25°C prior to examination. Correspondence between diffraction angle (θ) and wavelength is given by the Braggs equation
where d is the reticular distance between crystal planes in nanometers, θ is the diffraction angle in degrees, n (n = 1) is a numeric factor, and λ (λ = 0.154 nm) is the wavelength in nanometers.
DSC analysis: Melting parameters of different starches were measured using a DSC (DSC 204 HP, Netzsch, Germany) equipped with a thermal analysis data station and data recording software. The scanning temperature range and the heating rates were 0-250°C and 10°C/min, respectively. In all measurements, the starch samples were adjusted to 1:3 flour-to-water ratios and each starch slurry (4.0 mg starch in 12 µL distilled water) was transferred to an hermetically sealed, pressure rated pans (Mettler, ME-27331), and an empty pan was used as reference for all measurements. The transition temperatures reported were the onset (T o ), peak (T p ), and conclusion (T c ). The endothermic enthalpy of samples (ΔH) was estimated by integrating the area between the thermogram and a baseline under the peak and was expressed in terms of Joules per gram of dry starch. Three replicates per sample were analyzed.
Statistical analysis
The DSC traces were determined in triplicate. The averages and Duncan t-test were computed to measure variations in all samples. The least significant difference at the 5% probability level (P < 0.05) was calculated for each parameter. Results and discussion 1 H nuclear magnetic resonance spectroscopy Figure 2 shows the chemical shifts of 1 H NMR of sweet potato amylose (A1-A4) and amylopectin (B1-B4) treated by retrogradation-hydrolysis for 1-4 times. The proton spectra in all samples in Fig. 2 show a large water peak (due to residual H 2 O in KOH). Absence of resonance signal in the range of 5.6 and 4.5 ppm, which is assigned to the -OH groups from glucose unit of starch [18] in all samples in Fig. 2 , indicates that they have fast exchanged with the water peak. [19] The peaks at 3.47, 3.19 (3.17), and 3.05 (3.06) ppm in Fig. 2 A4 and B4 are attributed to H-3/H-5, H-6, and H-2/H-4. [20, 21] During the repeated retrogradation hydrolysis, however, those overlapping peaks in samples of amylose and amylopectin retrograding for 2-4 times separate gradually, which causes the peaks assigned to H-2/H-4 to separate from overlapping peaks. Absence of peaks around 5.0 assigned to H-1 in native starch [21] in Fig. 2 indicates that the proton of reducing end (C1) of sweet potato amylose and amylopectin has probably formed a solid-like zone [18] during retrogradation, and such bonds keep locked even the samples are resolved in solutions at 60°C.
13
C nuclear magnetic resonance spectroscopy Figure 3 shows the chemical shifts of 13 C solid-state NMR of sweet potato amylose (A4), amylopectin (B4), and their mixtures. Such results agree well with Ref. [22] . Assignments of the resonance were consistent with literature data. [23, 24] Signals at 101.6 and 62.6 are attributed to C1 and C6 in hexapyranoses, respectively. The overlapping signal at 73.5 ppm is associated with C2, C3, and C5. Compared with Refs. [22] [23] [24] [25] , the obvious differences in Fig. 3 are the narrower line-widths of peaks and absence of resonances at −103 and 80-83 ppm (representing amorphous domains). The former indicates the higher crystallinity of retrograded sweet potato starches, [25] the latter shows that there is nearly no detectable amorphous component in those starches, which is the same as that in hydrated, highly crystalline starch samples. [24, 26] An A-type crystal presents three resonances at 102, 101, and 100 ppm, whereas in a B-type conformation, the C1 resonance exhibits two resonances at 101 and 100 ppm, this corresponds to the nonidentical sugar residues of amylose and amylopectin. According to Ref. [27] , the C1 resonance is a triplet at 102, 101, and 100 ppm for the A-type crystalline polymorph, and a doublet at 101 and 100 ppm for B-type crystalline starch, but only one C1 resonances exists in Fig. 3 ; so, the crystalline pattern of retrograded sweet potato starch is different from those of A or B-type crystalline.
Compared with the resonance of sweet potato amylose and amylopectin before and after blending in Fig. 3 , one can easily find that there is a small resonance at 93.9 ppm in sweet potato amylose and amylopectin, but the resonance disappears after blending. The resonance represents the signals from single helix and amorphous structures. [21, 28, 29] Then, the results in Fig. 3 suggest that interaction of amylose and amylopectin during retrogradation can reduce single helix and amorphous domain of retrograded starch. Such resistant starch might be more resistant to amylase in our body and potentially be used to prepare functional food.
XRD analysis
The X-ray diffractograms of the sweet potato amylose and amylopectin are presented in Fig. 4a . For sweet potato amylose, the strong diffraction peaks at 2θ of 28°, 40°, 50°, 58°, 66°, and 73°are assigned to the face-centered cubic lattice of KCl [30] in repeatedly retrograded starches in Fig. 4a A1-A4. Presence of KCl was from isolation of amylose and amylopectin in retrograded starch, in which KOH was used to resolve retrograded starch and HCl was added then to adjust its pH value. After the quantic-retrogradation, the intensities of those peaks become weak and diffraction peaks appear at 2θ of 28°, 42°, 49°, 54°, and 63°, indicating that the defective crystal structure of KCl appears and less KCl exists in those samples. In the first to the third retrogradation-hydrolysis, the retrograded sweet potato amylose shows diffraction peaks at 2θ of 14 . The sharpness of those peaks and the loss of peaks at 36.0°and 38.3°infer the crystal with well-defined morphology of sweet potato amylose has formed. During repeated retrogradation-hydrolysis, the long chains in retrograded amylose could not have the same chance to form hydrogen bonds with other ones; so, parts of those chains will not involve in hydrogen bond forming and be hydrolyzed by amylase. When the chains are cut to certain length, all the chains and self-chains will form hydrogen bonds. In this condition, those chains with same length will form hydrogen bonds quickly, providing the chance to form certain crystal plane basing on hydrogen bond. Such results agree well with Ref. [31] , which demonstrates that the proportion of short chains (~10-13 glucose units) appears to affect crystal type significantly. A-type crystalline structure of starch is with diffraction peaks at 2θ of 15°, 17°, 20°, and 23°; for B type, 5°, 17°, 20°, 22°, and 24°; for C type, combination of A and B type; for a typical V-type crystalline, at 7°, 13°, and 20°. [32] The crystal pattern of the sweet potato amylose in the quantic-retrogradation is totally different from those reported in Ref. [33] . Compared with the single crystal of amylose, [34] obviously there are only five planes in the crystal and its d-spacing is closer. The reason for this should be further studied. For sweet potato amylopectin, the intensity of KCl diffraction peaks at 2θ of 28.1°, 40.3°, 50.0°, 58.4°, 66.2°, and 73.5°becomes weak, which might be caused by the hindering of the movement of K + or Cl − to gather on crystal nucleus and to form crystal. The retrograded sweet potato amylopectin shows diffraction peaks at 2θ of~13. angle, suggesting that the long arrangement structure mainly consists of such planes. Such structure of sweet potato amylopectin is different from those in granule [31] and similar to A-type crystallinity. [33] Figures 4b and 4c show the X-ray diffraction of the blending of sweet potato amylose and amylopectin. The results show that the interaction of sweet potato amylose and amylopectin during retrogradation gives rise to crystal with 2θ angles at 14 [ [35] [36] [37] According to literature, retrograded corn/pulse starch displays a typical B + V [35] or A + B-type [37] crystalline structure, which is obviously distinct from the results in Fig. 4b and 4c . The reason for this seems to derive from different source of starch, wide distribution of starch chain and retrogradation conditions, etc. Compared to the results in Fig. 4a , it can be seen that the signals at 14.7°and 24.3°are probably from sweet potato amylose, 26.5°from amylopectin, and 20.7°and 29.9°from both of two. Situ et al. [38] report that the peak at around 2θ = 26.0°b ecomes more pronounced as the resistant starch content increases, which agrees well with our results. The reticular distance between crystal planes corresponding to this angle is 0.336 nm, which is very close to that of graphite. [13] This explains why retrograded starch could substitute for graphite in Li-ion battery in our experiments at present (data not shown). The absence of broad peaks in Fig. 3b and 3c suggests that the blending of sweet potato amylose and amylopectin is necessary to prepare crystal of retrograded starch with sharp peaks. For biomacromolecule, the presence of crystal similar to mineral salt is unusual and there are many possible applications in industry for this new material.
Thermal properties
Thermal properties of sweet potato amylose, amylopectin, and mixture of both were investigated using DSC and are depicted in Table 1 and Fig. 5 . The results in Table 1 show that the melting peak temperature (T p ) of retrograded sweet potato amylose raises from 119.2 to 131.8°C as the amylose retrogrades from the first to the third time. However, when the amylose retrogrades for the fourth time, such data decrease to 127.1°C. According to literature, [7, 39] amylose endotherm had a peak temperature higher than 120°C, the results in Table 1 and Fig. 5a agree well with them. The T p difference of different sweet potato amyloses could be attributed to their various degree of crystallinity, with those from the third retrogradation having the highest ones. In other words, a more perfect recrystallization is obtained in the group, although crystallization degrees of all samples in the paper are not obviously distinctive (data not shown, all around 45%). Table 1 . Mean thermal properties of sweet potato amylose/amylopectin with multiple retrogradation.
Amylose-1 9.6 ± 0. Amylose-1, Amylose-2, Amylose-3, and Amylose-4 represent amylose samples retrograde for one, two, three, and four times; Amylopectin-1, Amylopectin-2, Amylopectin-3, and Amylopectin-4 represent amylopectin samples retrograde for one, two, three, and four times. Data are means ± SD; n = 3; numbers in the column followed by a letter in common were not significantly different (p < 0.05).
The endotherm above 150°C, which is associated with the melting of amylose double helices, [40] is most pronounced in amylose samples in Fig. 5a A1-A4. Such endotherm in other samples in Fig. 5a and those in Fig. 5b is very weak, especially for those of blending groups, indicating that double helixes are not the indispensable components of retrograded starch. The T p of all recrystallized sweet potato amylopectin is in the range of 123-129°C, which is in agreement with that of glutinous rice starch. [40] Such results are different from those of other reference, [41] in which the T p is less than 80°C . The reason for this is that the amylopectin in the paper has a relatively narrow distribution of molecular weight, which leads to a more perfect recrystallization. Interestingly, the T p of all recrystallized compound of sweet potato amylose and amylopectin is in the range of 136-140°C, higher than any single sample. The interaction of amylose and amylopectin during retrogradation in Ref. [3] has been easily verified by using those amylose and amylopectin with narrow distribution of molecular weight in the paper. A surprising degree of regularity for the melting enthalpies (ΔH) of sweet potato amylose and amylopectin is observed in Table 1 , the narrower the distribution, the higher the enthalpy. Only the fourth retrograded amylopectin is an apparent exception, which may be caused by crystalline region with less strength. [42] In common with T p , as shown in Table 1 , the blending of sweet potato amylose and amylopectin during retrogradation results in the higher ΔH. The most exciting finding is that ΔH of amylose-2 + amylopectin-2 group gets the highest one, indicating the highest level of crystallinity. Such results skillfully explain why the duel-retrograded starch is more resistant to amylase hydrolysis, [12] crystals of retrograded starch with a high level of crystallinity exist in the sample. Because there are amorphous regions in crystals of retrograded 
(2) starch, the crystallinity from Jade software could not represent the ordered structure of such samples accurately.
The possible crystal structure of retrograded sweet potato starch A schematic diagram in Fig. 6a and 6b exhibits the possible way of interaction between amylose and amylopectin during retrogradation. First, the sweet potato amylose and amylopectin with a single chain from granule are dissolved in water by unwinding. As shown in Fig. 6a , sweet potato amylopectin (black line) extends up to a tree-branch shape, and some of their branches with shorter side chains (red line) from different chains combine together by hydrogen bonds. A series of those parallel bonds produces the layered structure of retrograded starch, and the height of the layer should be determined by inclination of those bonds. Such inclination, however, is controlled by enthalpy of starch solutions. In other words, the higher the solutions temperature, the higher the layer structure. Sweet potato amylose (blue line) roves around amylopectin with the help of water. As the temperature of the solution of sweet potato amylose and amylopectin becomes low, more chains from amylose or amylopectin arrange in certain orders by hydrogen bonds as shown in Fig. 6b . The results of X-ray diffraction in Fig. 3b indicate that there are about five kinds of planes in retrograded sweet potato starch with d-spacing being 0.602, 0.428, 0.365, 0.336, and 0.298 nm, respectively. The d-spacing of 0.336 nm with the highest intensity of X-ray diffraction should generate between two adjacent amylopectins, which construct the basic framework of retrograded starch crystal. The d-spacing of 0.602 nm, formed by amylose, is probably the distance between two branched chains of amylose, in the same way as that of d-spacing of 0.336 nm, from amylopectin. Other two planes might originate from hydrogen bonds formed by both amylose and amylopectin and the conditions to control those planes should be further studied. The d-spacing of 0.336 nm and 0.602 nm could be enlarged by selecting longer branching chain of amylopectin or amylose with long distance between two adjacent branching chains, thus the crystals will become the ideal material instead of graphene [14] as potential anodes in lithium-ion rechargeable batteries. Why these planes only generate between the given adjacent branching chains will be the greatest interest for us, and uncovering the secret will allow us to take a big step forward to control starch retrogradation effectively.
Conclusion
The blending of sweet potato amylose and amylopectin during retrogradation results in the higher ΔH. More ordered arrangements exist in retrograded starch of sweet potato amylose and amylopectin. The crystal of retrograded sweet potato starch with sharp X-ray diffraction could be prepared by blending sweet potato amylose and amylopectin with narrow distribution of molecular weight. There are five planes in retrograded sweet potato starch. The reticular distance between crystal planes corresponding to pronounced peak at 2θ = 26.5°is very close to that of graphite, suggesting why retrograded starch could substitute for graphite in Li-ion battery in our experiments at present. The other reticular distances between crystal planes, such as 0.602, 0.428, 0.365, and 0.298 nm, might absorb other ions such as K + , indicating that retrograded starch is a potential cathode of ion battery.
